Abstract Porto-pulmonary hypertension (POPH), once considered an absolute contraindication for liver transplantation (LT), has become a more accepted indication because of the evolution of treatment with prostacyclin analogues, phosphodiesterase inhibitors and endothelin receptor antagonists. An exception model for end stage liver disease (MELD) score of 22 is assigned to candidates with documentation of effective treatment. We examined the post-transplant outcomes of patients who received LT for POPH with exception. Methods Scientific Registry of Transplant Recipients data on 34,318 adult (C18 years) deceased donor LT recipients transplanted between March 1, 2002 and August 31, 2010 were reviewed. The diagnosis of POPH was ascertained from MELD exception forms. Patients were followed from the time of transplant until the earlier occurrence of death or end of the follow-up period. Cox regression was used to evaluate the predictors of post-LT mortality and graft failure.
Introduction
Pulmonary hypertension occurring in the setting of cirrhosis and portal hypertension is commonly referred to as porto-pulmonary hypertension (POPH). It is a relatively uncommon complication of cirrhosis occurring in an estimated 2-10 % of all patients with advanced liver disease [1] . Diagnostic criteria for POPH include a mean pulmonary artery pressure (mPAP) C25 mmHg, an elevated pulmonary vascular resistance [240 dyne s/cm -5 , and a normal pulmonary capillary wedge pressure.
Untreated moderate to severe POPH is considered a relative contraindication to liver transplantation (LT) due to high perioperative morbidity and mortality related to right heart failure [2] [3] [4] . The advent of various vasomodulating medications such as prostacyclin analogues, phosphodiesterase inhibitors and endothelin receptor antagonists to treat moderate to severe POPH has led to the ability to lower mean pulmonary artery pressures in some patients to a level below 35 mm Hg, which is considered acceptable for LT [5] [6] [7] [8] .
LT candidates with POPH that meet the criteria of documentation of treatment and post-treatment mPAP \35 mmHg and PVR\400 dynes/s/cm -5 are eligible for a model for end stage liver disease (MELD) exception score [9] . Before 2007, patients with documentation of the successful treatment for POPH received the exception MELD score at the discretion of regional review boards. However, in 2007, the MELD Exceptional Case Study Group (MESSAGE) set the standardized MELD exception score to 22 for treated POPH with a 10 % mortality-equivalent increase every 3 months, as long as mPAP remains below 35 mmHg as confirmed by repeat heart catheterization [10] .
The aim of this retrospective cohort study was to examine the clinical characteristics of patients who received the MELD exception for treated POPH and to assess the impact of treated POPH on post-LT mortality and graft survival.
Methods

Data Sources and Study Population
This study used data from the Scientific Registry of Transplant Recipients (SRTR). The SRTR maintains a database of all candidates for and recipients of solid-organ transplants in the United States. This publically available data can be acquired under data use agreement from the SRTR. Candidates on the waiting list and recipients of solid organ transplants are tracked on a periodic basis; data are submitted to the Organ Procurement and Transplantation Network (OPTN) [11, 12] . The Health Resources and Services Administration (HRSA), United States Department of Health and Human Services provides oversight to the activities of the OPTN and SRTR contractors. The SRTR supplements information on vital status with data on deaths from the Social Security Death Master File and the Medicare Beneficiary Database.
The study population included adult (age C18 years) deceased donor LT recipients that were listed and transplanted between March 1, 2002 and August 31, 2010. Recipients of living donor LT, re-LT, and multi-organ transplant, as well as transplants done as Status-1, were excluded.
Analytic Approach
Continuous variables were expressed as median (interquartile range), and categorical variables were expressed as proportions. The diagnosis of POPH was ascertained from MELD exception forms. Baseline characteristics of LT recipients with and without POPH were compared using chi-square test for categorical variables and t tests for continuous variables. The primary outcome was patient survival after LT. The secondary outcome was graft failure, defined as the earlier occurrence of death or re-LT. Time at risk began on the day of LT and extended until the recipient experienced an outcome or was censored at the end of the follow-up period. The median length of follow up after LT was 4 years (range 0.5-8 years).
Cox regression was used to examine potential associations between POPH and early (within 1 year) post-transplant mortality and graft failure. The models were adjusted for recipient factors including recipient age, portal vein thrombosis, lab MELD, albumin, race/ethnicity, encephalopathy, diabetes, diagnosis, year of transplant as well as donor factors such as donor age, race, split liver, donation after cardiac death (DCD), cause of death, diabetes, organ location (local, regional, national) and cold ischemia time.
All statistical analyses were conducted using SAS v9.2 (SAS Institute; Cary, NC, USA).
Results
Patient Characteristics and Outcomes
There were 85,554 listings for LT during the study period, of which 43,640 (51 %) resulted in LT. After excluding recipients of living donor LT (n = 1,619), re-LT (n = 3,543), multi- organ transplant (n = 2,492), and status-1 (n = 1,668), a total of 34,318 adult deceased donor LT recipients were included in the study data ( Fig. 1) . One hundred twenty-three candidates were waitlisted and received an exception MELD score for POPH during the study period. Eleven candidates with POPH died on the waitlist and seven were removed from the list because they were too sick to be transplanted. The baseline characteristics of LT recipients with and without exceptions for POPH are shown in Table 1 . Compared to the LT recipients of all other etiologies, the group with POPH had lower mean age (52 vs. 54 years, p = 0.02) and lab MELD scores (14 vs. 18, p \ 0.001) and higher proportions of female recipients (47 vs. 30 %, p \ 0.001) and recipients with hepatitis C as the etiology of liver disease (50 vs. 36 %, p = 0.02).
The median total time from initial listing to LT for the POPH group was 145 days (IQR 49-378). The median time on the waitlist from listing to receipt of a MELD exception was 29 days (IQR 6-285), and it was 53 days (IQR 16-122) from receipt of a MELD exception to LT.
Unadjusted Patient and Graft Survival
The unadjusted 1-and 3-year patient survival for the recipients with POPH was 85 and 81 %, respectively. This Predictors of Post-LT Mortality and Graft Failure
In the adjusted Cox model, POPH recipients had a trend towards higher risk of death (HR = 1.56, p = 0.07) and graft failure (HR = 1.45, p = 0.11), over all observed post-transplant follow-up. Figure 2a , b shows the adjusted patient and graft survival. The adjusted analysis using 3-year follow up resulted in similar hazard ratios and p values to models using all available follow-up (HR = 1.62, p = 0.07 for post-LT mortality; HR = 1.50, p = 0.10 graft failure).
Within the first post-transplant year, POPH recipients had a significantly higher risk of death (HR = 2.25, p = 0.005) and graft failure (HR = 1.96; p = 0.013). The complete Cox models for 1-year mortality and graft failure are shown in Tables 2 and 3 , respectively. We tested the interaction between hepatitis C and POPH to examine whether the effect of hepatitis C is different for LT recipients with and without POPH. This interaction was highly non-significant (p = 0.75).
The MESSAGE criteria were implemented in 2007; therefore, we tested interactions between POPH and the era effect 
Discussion
This is the largest cohort study of national data to examine post-transplant outcomes of POPH patients who received LT under a MELD exception score. Despite documentation of pre-transplant treatment resulting in mPAP \35 mmHg and PVR \400 dynes/s/cm -5 , recipients with POPH had worse short-term patient and graft survival when compared to non-POPH non-exception recipients. Moreover, there was a trend towards lower long-term patient and graft survival for LT recipients with POPH.
Additionally, our study validated some of the previously described factors associated with poor post-LT survival including age, African American race, portal vein thrombosis, diabetes, and high MELD score at transplant [13] [14] [15] . Advanced age at LT (50-59, 60-69 and C70 years at LT vs. 40-49 years) was an independent risk factor of posttransplant mortality and graft failure.
Our study showed that LT recipients with hepatitis C had worse patient survival compared to other diagnoses. We further investigated the relationship of hepatitis C and POPH on mortality and graft failure. The interaction between POPH and hepatitis C was not significant indicating that effect of hepatitis C was not different for recipients with and without an exception for POPH.
The option to assign an exception MELD score was incorporated into MELD-based allocation to improve access to transplant for candidates in whom the MELD score does not reflect the disease severity and risk of death in the absence of transplant. This process was standardized in 2007 (MESSAGE criteria) for the indications requiring exception MELD points including POPH [10] . Our study showed the patients with treated POPH were getting MELD exception scores before the MESSAGE criteria were implemented. However, the post-LT outcomes were similar for POPH LT recipients before and after the implementation of MESSAGE criteria.
Some single-center case series of patients with POPH, who responded to the vasodilatory or vasomodulating therapy and underwent LT, had favorable post-transplant survival [16, 17] . Our unadjusted analysis showed similar outcomes among POPH versus without POPH recipients. However, after adjusting for various patient and donor factors, assignment of an exception MELD score for POPH was associated with higher risk of death and graft failure at 1 year after LT.
LT operation incurs acute right ventricular stress because of the acute increase in cardiac output at the time of reperfusion. Although MPAP \35 mm Hg in the setting of a PVR \400 dynes/s/cm -5 may correspond to an adequate right ventricular reserve and sufficient compliance in the pulmonary vascular bed, acute POPH and acute right heart failure during or after LT can occur despite adequate pressure control, resulting in poor 1-year outcomes [18] .
The limitations of this study include small sample size and retrospective design and its associated problems such as bias and confounding factors due to patient data that may be limited and/or immeasurable. Additionally, the SRTR registry data do not include specific information on right ventricular systolic pressure; mean pulmonary artery pressures, pulmonary vascular resistance as well as the specific details including the type and duration of pre-LT or post-LT treatment modality for POPH. Moreover, these results are only applicable to a selected subgroup of patients with POPH who had a satisfactory response to the vasomodulatory treatment and who were transplanted with a MELD exception score.
In conclusion, patients who received LT for treated POPH had lower 1-year patient and graft survival compared to transplant recipients without POPH. These results may have implications in patient counseling and management of POPH LT recipients. Strategies directed at preemptive risk modification, aggressive intraoperative and early post-transplant management may improve their posttransplant outcomes.
